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FGREWORD

Needle -punched nylon felts have proved to offer supericr ballistir
resistance at low areal densities. Knowledge of the mechanism of felt

deformation during ballistic impect could eventually lead to lmproved
felts for armor application.

The work covered in this report was performed over a two-year period
by Mr. Thomas W. Ipson and Mr. Edward Wittrock of Denver Research
Institute, University of Denver, under Contract DA19-129-AMC-157(N). The

theoretical approach led to an anslytical model based upon momentum con-
sideration..

Experimental results were obtained by a spark gap technique as @
check on the analytical model. The model obtained analytically was
mainly accurate in predicting experimental results at the lower range
of impact velocities. One of the major gains from this work has bheen
the intimate knowledge of the felt reaction to impect at different
stations in the deformation cone.
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ABSTRACT

When organic fiber felt materials are impacted by blunt frag-
ments, stress waves propagating laterally into the material transfer
projectile momentum to an increasing (roughly conical) volume of felt
material, By applying a retarding force tc the projectile, stresses in
the felts ce1 be maintained below ruptvure values, provided that the
felts are free to move in the direction of the projectile. The objective
of this program was to define the transient behavior of the felt and the
force interaction between it and the projectile.

An experimental technique was developed whereby the position-
time histories of eleven points (spark gaps) on the rear surface of a
felt sample could be determined. The center spark station, being on
the projectile trajectory, provides projectile displacement-time data.
Other stations provide both radial and transverse displacements. The
longitudinal radial wave gives material particles an initial radial
velocity inward; later, the slower moving transverse wave imparts a
transverse velocity to the felt, usually stopping or reversing radial
motion. Measurement errors average less than two percent.

Six felt samples (nylon (3), orlon, dacron, polypropylene) were
tested using the 17-grain fragment simulating projectile at various
velocities up to and greater tnan the ballistic limit velocity. Graphical
differentiation was used to obtain velocity-time, force-time, and
force-distance relationships. Qualitative evaluations refveal that
strength, elongation, and transverse wave ve'ocity are the three pre-
dominant parameters in determining effectiveness. The energy ab-
sorbed by a felt is maximum at the ballistic limit velocity and decreases
dramatically at higher (complete perforation) velocities. An analytical
niodel based upon momentum considerations is compared to the experi-
mental results.




RESPONSE OF NON-WOVEN SYNTHETIC FIBER |
TEXTILES TO BALLISTIC IMPACT 1

) 3 INTRODUCTION ]

Considerable interest has been generated in the possible utiliza- ‘
tion of inorganic fiber felts as materials for body armor. In the range
of lower areal densities, these materials exhibit favorable reaistance to
ballis.. perforation by fragment type projectiles. Previous investiga-
tions!’ % have been primarily of an empirical nature and have been
directed toward establishing relationships between ballistic limit velocity 1
and the various geometric and material parameters involved. These
‘ investigations have produced valuable information concerning the quan-

titative effect of such parameters upon the ballistic limit velocity.

Consideration has been given to the phyéica.l properties of various fiber
materials (tenacity, elongation at rupture, etc.), fiber length, denier,
crimp, thickness, and variations in the needling process.

The objective of this research program was to more precisely
define the transient process whicli occurs during the response of felt
material to ar impacting projectile and to analyze the force interaction
between the felt and the projectile. Ec<fore felt materials can be de-

. signed to provide maximum ballistic protection, appropriate analytical
models must be developed which will reveal influential parameters and
the nature of their involvement in the penetration process. Precise,
experimental data is required, not only to verify hypothetical models,
but to provide the observational insight required for model develop-
ment. The experimental approach taken was to accurately determine
the position-time history of the projectile and of several points on the
rear surface of felt samples during ballistic penetration. Such data
provide. the means for evaluating the prediction capability of a pro-
posed model with a degree of precision exactly defined by the accuracy '

- . of the position-time data. While subject to the degeneration of accuracy

associated with the graphical differentiation of experimental data, the

data are also useful in revealing the characteristics of velocity-time,

h force-time, and force-distance relationships,

The development of analytical models logically proceeds
through an iterative process during which hypethetical models are
first proposed (based on observation) and then evaluated to determine
their ability to predict position-time data. Subsequent refinements of

% Superscripts refer to the Biblicgraphy, Section VI.

]
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promising models are made until the required degrees of fundamental
understanding and prediction precision are achieved.

Attempts to develop analytical models starting with the general
theoretical equations associated with ballistic penetration cften fail,
The primary reason for this is that constituative relationships required
to solve the equations are not available., Thus, the theorist must make
assumptions or otherwise be faced with an auxiliary experimental pro-
gram to determine constituative relationships. Such auxiliary experi-
mental programs ma¥ bear little resemblance to the actual problem he
is trying to solve and may lead him away from the central theme.
Furthermore, such experiments do not furnish him with the means for
verifying the validity of his model. Consequently, unless the state-of-
the art is sufficiently well developed to sustain an approach based
entirely on theory, it is more rewarding to recognize the importance
of experiment for developing analytical models, as well as for veriiying
them, and to proceed accordingly. Pursued to its ¢.a-lusion, the
approach utilized during this program should ultimately result in a
completely rational basis for the development of design criteria for
felt materials to be utilized in ballistic protection applications.

A basic reciuirement of body armor is flexibility; immobility
very quickly nullifies the advantages of ballistic protection. Felt
materials and woven textilds meet related requirements since they
exhibit very little resistance to bending or shearing deformations. As
armoring materials, felts may be classified as non-rigid, ductile
armors. As such, their behavior during impact departs radically from
that of rigid materials such as the conventional metallic armors.

Rigid armors respond to impacting blunt fragments primarily by devel-
o-ing inertial forces and highly localized shearing resistance. Figure
i1 depicts the process which occurs during perforation.of a rigid plate
by a hard bluni fragment. This perforation process may be thought of
in terms of a two-step concept, the first step being the inelastic colli-
sion of two masses, the frugment (mp) and the plate plug (mg). The
second step involves shearing the plug from the plate. An analytical
model based on this two-step process was successfully used to derive
analytical expressions which accurately predict the post-perforation
dynamics associated with hard blunt fragments and rigid plates. M
the plate defeats the fragment, displacements are small in compari-
son to the plate thickness. The time period during which the fragment
is decelerated is extremely short. A projectile is stopped when the

work,, Fdx (retarding force through stopping distance) is equal to its

2
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Figure 1. Rigid Plate Perforation by Blunt Fragments




initial kinetic energy or, in other terms, when an impulse,[ Fdt,

equal and opposite to its initial momentum is applied. Since extremely
small quantities of time and displacement are characteristic of rigid
plate impact, very large resistive forces must be developed so that

the energy and momentum of the projectile can be absorbed. High
strength, ductile, rigid materials such as steel can withstand very
large stresses and thereby &&n develop significant ballistic resistance.

As previously stated, the behavior of felt materials during
impact is quite different than that characteristic of rigid materials.
The major difference is associated with the amount of displacement
which occurs during the impact process, Figure 2 illustrates this
gross deformation. It is an enlarged photograph of the rear side of a
panel of nylon fiber felt, 0.40-inch thick, being impacted by a .22 cal.,
17-grain, Watertown Arsenal Laboratories developed fragment
simulating projectile (specifications are given in the Appendix). This
photograph was taken with a one-microsecond duration light source at
230 microseconds after initial impact. The displacement along the
line of flight is approximately three times the panel thickness. Also,
as may be seen, the deformation is not localized to the area of impact
but has spread out into the material. Felt materials fail at stress
levels many magnitudes below those at which conventional armor mate-
rials fail. Although felts can support only}.relatively small forces,
they develop ballistic resistance by applying these forces to the projec-
tile over relatively large distances and through relatively long periods
of time.

For clarity, discussions of the experimental program and the
analytical in‘vestigations have been separated even though the respec-
tive efforts were performed concurrently. The Appendixes contain
complete descriptiuns of the projectile and the six felts utilized during
the experimental program (Table A-I). All valid position-time data
are recorded in Table B-I and all residual velccity data are presented
in Table C-1, in the Appendixes. o
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Figure 2.

Response of Non-Woven Nylon Felt during Ballistic Impact,
230 Microseconds after Impact by 17-Grain Fragment
Simulator. Initial Velocity - 650 feet per second. Felt - 43
ounces per square yard.




i1. EXPERIMENTAL PROGRAM

The experimental program was directed toward obtaining a
precise quantitative description of the behavior of felt materials during
the impact process. The general behavior of a felt panel at a stage
during impact is illustrated in Figure 3. The impacting projectile has
acc-lerated felt material in the transverse direction. This transverse
motion of the felt material has been propagated radially outward by
means of a transverse wave, w. Ahead of the transverse wave is a
longitudinal tensile wave, C, propagating radially outward in the plane
of the felt, This wave produces a radial velocity, u, directed inwardly
toward the point of impact. To describe this behavior and the growth
of the deformation profile depicted in Figure 3, it is necessary to
obtain data concerning the transverse and radial motion of the felt mate-
rial as a function time after initial contact of the projectile with the
felt. Knowledge of the displacement of the felt materialas a function
of time and radius provides information related to strains, velocities,
dispersion, etc. Wave propagation characteristics essential to the
development and evaluation of analytical models are revealed by the
position-time data. Since the motion of the felt mategial at zero radius
can be assumed to be the same as that of the projectile (after initial
compression of the material), data concerning this point will provide
information about the motion of the projectile as it is decelerated. The
velocity and deceleration history of the projectile are obtained by
graphical differentiation of the displacement-time curve. The decelera-
tion curve is used to obtain the total retarding force being developed by
the felt,

A. Experimental Technique

To obtain the desired data, a unique technique was developed
to measure the displacement of the felt during the impact event. This
method consisted of defining and recording the position of various
stations (spark gaps) on the rear surface of the felt panel at predeter-
mined times during the impact. By defining the position-time function
of these stations (initially locaced at various radial distances from the
point of impact), the transient deformation of the material can be
studied. Each station is represented by a small spark gap cut in a
short segment of a fine wire. This wire is securely attached to the
rear surface of the felt panel at each station; a loop is left in the unse-
cured wire between stations so that the motion of the felt at one station
does not influence the motion of another by means of the interconnecting
wire. Figure 4 1s a photograph of the wire attached to a test panel of




LONGITUDINAL TENSILE WAVE

RADIAL PARTICLE VELOCITY

R

SNNNN

SRR

TRANSVERSE WAVE

£

Figure 3. Illustration of the Wave and Material Behavior which Occurs
during Ballistic Impact of Non-Rigid Felts
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Figure 4. Attachment of Spark Gap Wire to Rear Surface of Nylon

Felt Sample




felt. During the impact process, the position of each station and, thus,
the position of the rear surface of the felt at this point, was defined by
means of an intense arc created at each gap in the wire by a high
frequency-high voltage pulse which was applied to the wire during the
impact. These experiments were conducted in a dark room and the
position of the stations (arcs) were recorded by an open shutter camera
aimed perpendicular to the line of fire and focused on the prcfile of the
felt panel.

The experimental technique is illustrated in Figure 5. All tests
were conducted with a 17-grain fragment simulating projectile (T-37).
These fragments were fired from a .22 cal. Hornet rifle and the impact
velocity was contrclled by varying the amount of propellant used. This
impact velocity was measured by make switches which triggered a
chronograph to determine the time of travel over the known distance
separating the switches. The feit specimens were securely held ina
rigid frame having a 4-inch diameter circular opening. This opening
is sufficient in size to insure that no wave reflections will return from
the frame to affect the behavior of the felt during the time of interest.
At the point of impact, another make switch was attached to the front
side of the felt panel. As the projectile contracted the felt, this switch
provided a signal used to trigger the electrical pulses which were fed
to the arc-gap wire attached to the rear surface of the felt. The elec-
trical pulses consisted of 10, 000-volt surges of 2-microsecond duration
which occurred at a frequency of 11,600 cycles per second (86 micro-
seconds between voltage spikes). The number of voltage pulses could
be controlled and a pre-determiried number was dialed into the equip-
ment prior to firing., The first pulse occurred as the projectile en-
countered the felt and shorted the trigger switch; successive pulses
occurred at intervals of 86 microseconds thereafter for the desired
number of pulses (usually six to eight). The timing, and number of
pulses, were checked by photographing the oscillographic display of
the signal. As each voltage pulse occurred, an intense arc was created
simultaneously at each of the arc-gaps thus prov'ding a pinpoiat of light
which defined the locaticn of each station every 86 microsect 1ds during
the impact event. This sequence was recorded on film by the open
shutter camera. This record of the dots made by the electrical arcs
shows the intermittent position of each station on the felt profile as it is
deforming with time. Figure 6 is an example of the photographic record
of the test data. The center horizontal series of dots represents the
arc-gap station coincident with the projectile trajectory. This series
shows the displacement-time history of the {elt material immediately




LLUSTRATION OF EXPERIMENTAL TECHMIQUE USED TO STUDY THE BEHAVIOR OF FELT MATEMALS
OURING THE WPACT PROCESS
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Figure 5. Schematic of the Spark-Gap Technique Used to Obtain
Displacement-Time Data Regarding the Response of Felt

Materiai to Impact
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Figure 6. Enlarged (3X) Photograph of Typical Spark Display Showing |
Position-Tirne Relationship during the Impact Event for
Eleven Stations on Rear Surface of Felt Material
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in front of the projectile and, therefore, the displacement-time history
of the projectile during the impact. The other series of dots show the
displacement history of the felt at various radial distances from the
point of impact. Figure 7 is a graphic reproduction of Figure 6. Dashed
lines have been included to illustrate the deformation profile develop-
ment and the path taken by each station. Note the radially inward
movement of stations prior to the transverse movernent. This is due
to the inward radial velocity, u, that is imparted to the felt after the
arrival of the longitudinal tensile wave, as depicted on Figure 3. The
progress of the transverse wave is observed by noting the time interval
during which transverse motion occurred at each radial station. The
data illustrated by Figures 6 and 7 can be used to determine numerous
relationships. These include transverse and longitudinal wave veloci-
ties, projectile kinematics, material motion as a function of time and
radius, and the gross radial strain developed in the felt during the im-

pact deformation. During the experimental program, a test series was

conducted involving four different felt fiber materials selected to repre-
sent a wide variety of fiber characteristics.

B. Nature of the Required Data

Prior to planning the experimental program and developing the
spark-gap technique, irvestigations were made to ascertain the type
and nature of the experiinental data required for this research. Studies
were initiated and pertinent literature was reviewed concerning the
ballistic impact of non-rigid materials to establish the general charac-
teristics of the dynamic response of such materials (previously depicted
in Figure 3). Initial deformation of the material results in a geometry
roughly conical in nature, the position of the apex being controlled by
the projectile movement and the diameter of the base by the progress
of the stress waves. Stresses being applied to the felt material have a
component in the transverse direction (perpendicular to the plane of
the felt and in the direction of projectile motion) and a component in
the radial direction (in the plane of the felt and directed inward toward
the point of impact). These two components propagate with different
velocities; the radial stress is propagated by means of a longitudinal
tensile wave and the transverse stress (analogous to a shear stress) is
propagated by means of a slower transverse wave. Material located at
a given initial radius, rg, from the point of impact is not affected by
the impact of the projectile until the arrival at this point of the tensile
wave, after which the material will have a radial velocity, u, toward
the point of impact. The material continues to move toward the center
until the transverse wave has propagated out to it (at a radius defined
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as r in subsequent discussions) and imparts a transverse velocity to
the material. Major displacement of the material is in the transverse
direction, the direction of projectile motion. (Note that the transverse
momentum of the material reprecents the total change in momentum of
the projectile at any time.) The development of this deformation is
controlled by the projectile motion and the stress wave action,

Numerous photographs of various stages of the impact phenom-
ena (similar to that shown in Figure 2) were taken, These were used to
determine the amount and rate of the displacements and the range of the
material and stress wave velocities to be experimentally investigated.
From this information, it was determined that the periud during which
the major projectile deceleration occurs is of the order of 500 micro-
seconds and that the total displacements are large. The experimental
technique and apparatus were designed accordingly. The frequency of
the electrical equipment (11, 600 cps) allows data measurement at 86
microsecond intervals during the impact event; six to eight sets of data
points define the position-time history. The displacements are of such
magnitude that they can be defined accurately by this method.

C. Data Analysis Procedure

The experimental data establish the position of points on the
rear surface of the felt at successive instants of time during the impact
event. Referring to Figure 7 as an example, these data define the posi-
tion of eleven radial stations at seven times during the impact. The
initial positions of the stations are recorded at a time coinciding with
the initial encounter of the projectile with the front surface of the felt.
Positions of the stations are recorded at 86 microsecond intervals;
thereafter, until the final voltage pulse occurs at 516 microseconds.
The stations or arc-gaps are designated numerically as shown on
Figure 7. The arrows point to the position of these stations at zero
time, the time of initial irnpact. No movement of the felt has occurred
at this time and these points represent the original position of the
radial stations with regard to the undisturbed felt. The center series
of seven dots (station 0) represents the movement of the rear surface
of the felt along a trajectory ceincidirg with that of the projectile. In
this test, seven voltage pulses programmed into the electronic equip-
ment occurred in proper sequence as confirmed by the oscillograph
record of the voltage signal. Prior to firing, the distance separating
the two end arc-gaps (stations -5 and +5, Figure 7) was accurately
measured to obtain a referencs dimension. The film negative is en-
larged by means of projection techniques and measurements of the
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displacements of the stations are made. The reference distance be-
tween end stations provides the required correlation between displace-
ments measured from the enlarged image of the data film and true
displacements. The displacement data for the other radial stations are
somewhat more complicated than thLat for station 0 since both radial
and transverse displacements occur. Radial motion at these stations is
initiated by the radial longitudinal wave after a sufficient time hrs
elapsed for wave propagation; transverse motion is initiated later when
the transverse wave arrives. Consider station number +3, Figure 7,
which was located prior to impact at a radius of 1. 82 inches frem the
center station. It is observed that only six points are recorded for
this station on the film. Since seven voltage pulses are definitely
known to have been applied to the arc-gap wire and, consequently,
seven arcs occurred at each arc-gap, the presence of only six points
at station +3 implies the existence of two superimposed points. Thus,
the point representing the original location of the statiun also repre-
sents the position of this station at the time of the second voltage pulse
{86 microseconds after initial impact). The longitudinal wave had not
propagated out to this radius during the first time interval. The third
data point (the second dot in the series for station +3) is radially dis-
placed. Thus, the longitudinal tensile wave arrived at this station
during the time interval between the second and third voltage pulse.
The fourth data point (third dot) also shows radial displacement due to
the radial material velocity, u, created by the tensile stress being
propagated by the longitudinal wave. The fifth point (fourth dot) shows
displacement in the transverse direction; therefore, the transverse
wave met the inward moving station +3 between the fourth and fifth
voltage pulse {between 344 and 430 microseconds). The sixth and
seventh data points show continued trausverse and radial displacement,

Projectile motion is determined using the center gap (station 0)
which lies on the projectile trajectory. While this point actually lies
on the rear surface of the material, the moticn of this point closely
correspc..is to the motion of the projectile after initial comprec..ion of
the material at the point of impact. Displacement-time data obtained
from Test No. 40-C are plotted on Figure 8 (experimental test data is
commniled 1n Table B-1 1n the Appendix}). 1li should be remembered that
this is the displacement of the station 0 arc-gap; consequently, the
projectile displacement-time curve would be displaced downward by an
amount representing the compressed thickness of the material. The
projectile impact with the front surface represents zero time and station
0 on the rear surface does not move nntil the compressive wave is trans-
mitted through the material. During this short period of time it will be
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shown that the change in projectile velocity of station 0 is negligible as
compared to the accuracy of the velocity measurement. This observa-
tion provides the condition that the displacement-time curve of this
station must intersect the abscissa with a slope corresponding to the
projectile impact velocity, Vo. A smooth curve is fitted to the data
points such that it intersects the time axis with this slope. At 900 feet
per second impact velocity, the interface im, -t pressure is only about
1500 psi, a small elastic stress in the projectile; elastic stress waves
move through the projectile at about 18,000 feet per second. Conse-
quently, the projectile behavior is accurately defined as that of a rigid
body. Due to the grossly inelastic behavior of the felt it will be essen-
tially compressed by the time that station 0 begins to move. Subsequent
changes in thickness will be very small compared to measured dis-
placements and will have very little effect on the position of data points. i
Impact impedance mismatch and the characteristic inelastic response !
of the felt material completely nullifies any compressive stress wave
effects related to the primary impact. Consequently, it can be posi-
tively concluded that the displacement-time curve will be a continuous
(smooth) function. Since some positive force-time fun.tion will be
continually applied to the projectile, the slope of the displacement-
time curve must continually decrease (there can be no reversals in
slope). Thus, a smooth curve, meeting these conditions, is drawn to
correspond as closely as possible to the data points; deviations between
the data points and the curve are attributed to experimental variations.

The velocity-time curve shown on Figure 9 was obtained by
graphical differentiation of the displacement-time curve, Figure 8. 1
The displacement-time curve actually represents the motion of station
0; however, as explained above, it is valid to use this curve to obtain
projectile velocity since (after initial compression of the felt) these
velocities are identical. The initial rate of change of velocity is due
to the impact interface pressure which is governed by impact imped-
ance. The value of the interface pressure in this case is about 1500
psi (a force of about 60 pounds on the projectile) resulting in a change
of velocity of approximately 20 feet per second during the first 25
microseconds. As the impacted felt material is displaced in the direc-
tion of projectile motion, relative motion occurs between this material
and that material laterally adjacent. This relative motion creates two
radial stress waves which propegate into the material inducing both ' ‘
radial and transverse motion to an inc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>